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Abstract

A statistically designed experiment to characterize
thrust augmentation for unsteady ejectors has been
conducted at the NASA Glenn Research Center. The
variable parameters included ejector diameter, length,
and nose radius. The pulsed jet driving the ejectors was
produced by a shrouded resonance (or Hartmann-
Sprenger) tube. In contrast to steady ejectors, an
optimum ejector diameter was found, which coincided
with the diameter of the vortex ring created at the
pulsed jet exit. Measurements of ejector exit velocity
using a hot-wire permitted evaluation of the mass
augmentation ratio, which was found to correlate to
thrust augmentation following a formula derived for
steady ejectors.

Introduction

Currently, efforts are underway to explore the use of
pulsed detonation engines (PDE) for aerospace
propulsion. Technical issues involved include
integration, noise, and thrust to weight ratio. Adding an
ejector to a PDE may enhance thrust, and reduce noise.
The ejector will then be driven by a pulsating flow. Past
studies of unsteady ejectors’™ have shown that thrust
augmentation ratios up to about 2 have been achieved,
but with conflicting results regarding the parameter
settings to achieve this value. For example, both
Lockwood,' and Binder and Didelle,” plot thrust
augmentation ratio against ejector length, L, divided by
ejector diameter, D. Lockwood found a maximum
augmentation ratio at L/D =~ 1.5, whereas Binder and
Didelle found their maximum at L/D = 9. This suggests
that L/D is not the correct parameter for this correlation,
but does show that unsteady ejectors can be quite short.
Both Lockwood, and Binder and Didelle, varied ejector
length in their experiments, but held ejector diameter
constant.

“Senior Engineering Specialist, Associate Fellow, AIAA.
Aerospace Engineer, Senior Member, AIAA.
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Johnson and Yang' reported measurements, together
with supporting calculations, of pulsed jet mass
entrainment ratios. They did not measure thrust. In the
calculations, the assumption was made that the jet acts
like a periodically applied piston. The calculation was
in good agreement with the experiments. Despite this,
theoretical understanding of the flow processes in an
unsteady ejector is very limited, and there is no
guidance on how to design an unsteady ejector.

The objective of the present study was to perform an
experiment to generate information on unsteady ejector
performance, with a controlled set of parameter
variations. For the study, a resonance, or Hartmann-
Sprenger tube’ was chosen as the source of pulsed air.
The output from the resonance tube was directed into a
cylindrical shroud, to form the pulsed jet at the exit of
the shroud. The resulting pulse had an almost triangular
shape (in time) with the rise to the peak somewhat
shorter than the decay, similar to a detonation pulse.
Johnson and Yang4 showed that mass entrainment
increases significantly as the jet temperature rises. In a
companion paper, the results of a study similar to this
study are reported, in which a pulsejet was used as the
pulsating jet source.® Since the pulsejet has a higher
temperature, higher values of thrust augmentation were
anticipated, and were observed.

Theoretical Considerations

By assuming that the primary (i.e., jet) flow, and the
secondary (i.e., entrained by the ejector) flow achieve a
uniform velocity, Bertin,® and others, have shown that
the thrust augmentation, o, (ratio of thrust of jet plus
ejector to thrust of the jet alone) achievable with an
ejector is related to the entrainment ratio, B, (ratio of
entrained mass flow to jet mass flow) by
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a=,n(1+p) 1
where nis the efficiency of transfer of kinetic energy
from the primary and secondary flows to the exit flow.
The above formula is applicable only to a stationary
engine. For a moving engine, the augmentation is given
by a slightly more complicated formula, showing that it
diminishes as speed increases. All values quoted in this
work will be for stationary conditions only. In practice,
by comparing the experimental results from many
workers, Porter and Squyers%1 have shown that, for
steady gjectors, a practical limit appears to be given by

@

where v is the ratio of specific heats. The difficulty in
applying this to ejector design is that there does not
appear to be a way to relate P to ejector area, at least for
unsteady flows. In addition, Porter and Squyers’® show
that there is a maximum value of thrust augmentation,
which depends on the ratio of the jet stagnation to
exhaust static pressure ratio, namely

Oy = 0.9/ /€

o =(1+ B)(vfl)/v

3)

where 4/§ is the ratio of the actual jet velocity to the jet

exit velocity if it were expanded to a vacuum. From
this, lower jet Mach number flows are more likely to
produce high values of thrust augmentation.

Johnson and Yang4 used a one-dimensional method of
characteristics calculation to evaluate B for an
ejector with a stagnation pressure temporal distribution
corresponding to their unsteady experiment. These
authors achieved good agreement with measured values
of B, but provided no indication of the relationship of B
to ejector area. They also concluded from their model
that B should increase as the jet temperature increases, a
result consistent with their experimental results, which
were over a very limited temperature range. This result
appears to differ from results with steady ejectors, for
which o decreases as temperature increases.” Johnson
and Yang also calculated, for square pulses, that
should increase as the pulse width decreases. Using a
CFD calculation based on the unsteady code of
Paxson,® the present authors have found good
agreement with Johnson and Yang’s calculations of
B as a function of pulse width, and confirmed that
increases with temperature.

Pulsed Jet Source
The optimum source of a pulsed jet for the proposed
experiment would be a pulsed detonation device. Such
devices, particularly with long duration, are not simple
to build and operate. In contrast, a resonance, or
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Hartmann-Sprenger tube,” can operate continuously,
and generates significant noise. This resonance tube
consists of a steady, sonic or supersonic jet, which is
blowing into a closed tube. Under certain conditions, a
periodic cycle is established in which the jet first fills
the tube, then a hammer shock inside the tube empties
the tube, deflecting the jet from the tube in the process.
When the tube pressure has fallen sufficiently, the cycle
can begin again. What was not known at the start of this
effort was whether this phenomenon could also produce
a directed, pulsed jet. To attempt this, a cylindrical
shroud was placed around the tube and jet, to collect the
air leaving the tube and direct it out the back of the
shroud. Resonance tubes have been shrouded
previously,9 but with acoustic horns, with the objective
of amplifying the sound. These acoustic horns were
closed at the end where the source is located, and
increased in area with distance away from the source.
The flow from the horn would therefore be diverging,
and the velocity at the exit would be reduced in value
from that leaving the source. In order to create a more
concentrated flow, a cylindrical shroud was used in the
present work. As described below, this shroud did
produce a directed, pulsed, flow.

The shrouded tube used is shown in figure 1. A Mach 2
axisymmetric nozzle with a 0.5 inch diameter throat
was aligned with a resonance tube 6 inches in length.
This was surrounded by a 2 inch diameter shroud. A
needle was aligned with the axis of the jet to stimulate
oscillations, as demonstrated by Brocher’. A supply of
air at a pressure of 7.8 atmospheres ensured Mach 2
operation exhausting to the atmosphere. The average
mass flow was measured upstream of the nozzle, using
an orifice, and was found to be 0.46 Ib/sec, at a
pulsation frequency of 550 Hz, as well as at steady
state.

Design of the Experiment
The unsteady experiments to date in which thrust
augmentation was measured for a pulsating jet, namely
those of Lockwood® and Binder and Didelle,” have each
shown a peak of thrust augmentation at some value of
L/D, with an approximately parabolic distribution of
augmentation about that peak. Thus it is appropriate to
use a statistical design with a 3 level set of parameters
in the experiment. There are many parameters that can
affect the performance of an ejector, e.g., ejector length,
ejector diameter, distance from jet exit to ejector
entrance, ejector geometry, ratio of jet temperature to
entrained air temperature, jet frequency, and details of
the driving pulse (i.e., pulse amplitude, duration, and
temporal distribution, and frequency). By fixing the
frequency of the driving jet, having it produce an
invariant pulse, and not heating the air supplying the
jet, the list is reduced somewhat, although obviously at
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the cost of not determining the effect of these now fixed
parameters. Of the remaining variables, ejector length,
diameter and nose radius were chosen as independent
parameters. The distance from jet exit to ejector
entrance was treated as a dependant parameter, i.e., it
was varied for each ejector combination until a
maximum value of thrust augmentation was found. A
3 parameter, 3 level Box-Behnken designlo was chosen
for the experiment. The test matrix used is given in
Table 1, as runs 1 through 15.

A set of ejectors was built as shown in figure 2(a),
consisting of entrance sections, center sections, and a
diffusing tail section. At each diameter, three nose
sections were made, each of a different nose radius, R,
two center sections of different length, and one tail
section. By using either no center section, a short center
section, or a long one, three different lengths of ejector
were obtained, roughly 3, 7.5, and 12.5 inches. Since
prior experiments with steady ejectors have shown that
thrust augmentation increases with the ratio of exhaust
area to jet area,”® with values as high as 100 having
been used, it appeared that the experiment should
include large ejector diameter to jet diameter ratios.
Consequently, ratios of ejector throat diameter to jet
exit diameter of 1.5, 3, and 4.5 were chosen.
Experiments with the ratios 1.5 and 3 soon showed that
the optimum augmentation was at a ratio less than 3.
Instead of pursuing the experiments with the ratio
4.5 ejectors, a new set at a diameter ratio of 1.1 was
made.

Following the initial experiments of the Box-Behnken
design, additional runs were made with a set of ejectors
of diameter ratio equal to 2 (runs 16 —19 of table 1), and
also with additional lengths (runs 20-26 of table 1).
Finally, a contoured nozzle, as shown in figure 2(b),
with a 3 inch diameter throat, and, initially, a 4 inch
diameter exit was built, and used to assess the effect of
contouring, and lengths intermediate to those used
above (runs 27-32 of table 1).

In these experiments, the objective was measurement of
thrust augmentation. However, an ejector also results in
mass augmentation, and it is of interest to correlate
thrust augmentation and mass augmentation. A hot
wire, used to measure velocity in the ejector exit flow
provided a means for calculating entrainment ratio.
Details are given in subsection 3 of the results section.

Apparatus
The apparatus is shown in figure 3. The resonance tube

is mounted vertically, with the jet flowing upwards. The
ejector is mounted above the resonance tube, on a
sliding mount so that its height is easily adjustable.
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Above the ejector is a thrust plate, which is 30 inches in
diameter. The thrust plate is attached to an Omega load
cell model LC601-25, which has a range of £25 Ibs, to
provide an electrical thrust signal. Similarly the ejector
was attached to another load cell, also a model
LC601-25. The signal from both load cells was fed to
Agilent model 34401 A averaging multimeters. All runs
lasted one minute, during which time the voltmeters
stored 180 readings, and then displayed the average
value. The experimental procedure involved making
three tests to read the thrust of the jet without the
ejector, followed by a series of tests with the ejector,
(two at each setting of jet exit to ejector distance),
followed again by three tests reading the thrust of the
jet without an ejector. The jet thrust, Tj, defined as the
average of the six test readings without the ejector,
typically measured 10.00 = 0.11 lbs. The signal from
the ejector load cell corresponds to the additional thrust,
AT, produced by the ejector. Thus the quantity =,
defined as

T=1+AT/Tje @)
should be the same as the thrust plate measurement of
thrust augmentation, .

In addition to thrust augmentation, it is desirable
to measure mass flow augmentation. For this
measurements of the jet mass flow, and the mass flow
leaving the ejector are needed. Since the Mach 2 nozzle
in the resonance tube is choked, the jet mass flow can
be measured upstream of the nozzle, where it will be a
steady reading. For this a standard orifice was mounted
in the supply line to the jet. The jet flow was measured
both as a steady supersonic flow, i.e., with the
resonance tube removed, and with the resonance tube in
place. The resulting mass flow was indeed identical,
with a value of 0.458 £ 0.002 Ib/sec. For measuring the
mass flow at the exit of the ejector, two techniques
were implemented; first, probing the flow with a high
frequency pressure transducer (Endevco model
8530C-100), mounted in the hemispherical nose of a
cylinder; and second, probing the flow with a Thermal
Systems, Inc. model IFA 300 hot-wire, which provided
the radial distribution of velocity at the ejector exit.

Experimental Results

Thrust Augmentation
In figure 4 are shown measurements of thrust

augmentation, O, versus the jet exit to ejector entrance
distance, x, for the 3 inch diameter contoured ejector.
The results are typical of all the ejectors: thrust
augmentation has a maximum at some distance, which
depends mainly on the diameter of the ejector, falling
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off slowly as distance increases beyond the maximum,
but quite rapidly as distance decreases below the
maximum. The maximum value of 1, the thrust
augmentation derived from the ejector load cell reading,
occurs at lower values of x than does o. This may be
due to a decrease in the jet thrust when x is small or
negative, which is reflected in the measurement of «,
but not of T as defined above. At the maximum of
augmentation however, and for larger values of x, both
o and 7T are in good agreement. In the remainder of this
work, the thrust augmentation ascribed to a particular
ejector is the maximum value of .

The measurements of thrust augmentation found in the
initial set of Box-Behnken runs are given in table 1, and
in figure 5, in which thrust augmentation is plotted
against ejector length, L, for each ejector diameter, D, at
different values of the nose radius, R. The 90%
confidence error bar is shown in the symbol box. The
data from a Box-Behnken 3 parameter set can be fitted
with a response surface of the form

o= b() + blL + sz + b3R + b]l.L2 + b22.D2

+b33.R* + b LD + bys. LR + by DR )
where the values of the constants b;; are determined
from the data. This was performed by inserting the data
into a computer program,'’ which provides values of
the confidence level for each constant. Constants with
low confidence level were eliminated, until only terms
with levels greater than 90% were retained. The
resulting response is

o =0.230+9.60.10° L + 0.513.D + 0.3314.R

- 1.624.10°L* - 6.86.107 D - 0.319 R

+4.576.10° LD (6)
Although this formula includes R, changes in o due to
changes in R for the range of values used are very
small, and the changes seen experimentally are
statistically insignificant. Sections through this response
surface at each value of ejector diameter, D, for R =
0.5, are also plotted on figure 5, showing good
agreement with the experimental results. The maximum
value of thrust augmentation predicted with this model
is 1.389 at L = 856, D = 4.0, and R = 0.5.
Consequently a new set of 4 inch diameter ejectors was
built. Runs 16 through 19 of table 1 were made with
this set of 4 inch diameter ejectors. A new response
surface for the matrix comprised of runs 1 through 15,
and 16 through 19, predicted the optimum ejector to be
3.25 inches in diameter, and 8.9 inches in length, with a
maximum value of thrust augmentation of 1.33. Since
this is only marginally larger than the thrust
augmentation found with the 3 inch diameter ejector, it
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did not seem worthwhile to build a new set of ejectors
of 3.25 inches diameter.

Measurements of thrust augmentation with the same set
of ejectors as used here, but with a pulsejet driver,®
showed maximum thrust augmentation for longer
ejectors than was found here. Consequently it was
decided to evaluate a longer ejector length by
assembling both the center sections together, which
resulted in an overall length of about 17 inches. Runs
20 through 26 of table 1 were performed, with the
results shown in figure 6, plotted now against ejector
length divided by ejector diameter. In figure 6, the data
for any one diameter, regardless of nose radius, are fit
individually by either a cubic or a quadratic least
squares fit, i.e., there was no attempt to create a
response surface. Noticeable now is that it appears that
there may be a second maximum at longer ejector
lengths. Also the optimum ejector length for any
diameter is not at a singular value of L/D, but at
increasing L/D as the diameter increases. However, the
longer lengths did not result in any greater thrust
augmentation, and therefore are not of any practical
interest.

The possible existence of a second maximum raised the
question of whether there might be “fine structure” as a
function of length, i.e., that there might be many
maxima at lengths intermediate to those used. Further,
there is the question of whether a better diffuser, with a
more gradual exit angle, would generate more thrust.
To address these questions, an existing 4 inch diameter
diffuser was modified by inserting balsa wood to create
a 3 inch diameter throat, tapering to a 4 inch exit, with
an overall length of 10.75 inches. The balsa wood was
sanded to shape, then varnished and fine sanded to a
smooth surface. The geometry is shown in figure 2(b).
Thrust augmentation was measured, and then a portion
of the end of the diffuser was removed to shorten the
overall length. This was repeated several times (runs
27 through 32 of table 1). The results are shown in
figure 7, together with the results from the 3 inch
diameter ejector used above. It does not appear that the
diffuser made any difference, nor that there is any fine
structure.

Finally, the resonance tube was removed, and the
steady jet from the Mach 2 nozzle was used to measure
thrust augmentation with the 3 inch diameter, 7.4 inch
long ejector, which had given the best unsteady thrust
augmentation of 1.32. The mass flow through the
nozzle was varied from 0.1 lb/sec to 0.46 1b/sec by
adjusting the stagnation pressure. Thus it was not a
correctly expanded Mach 2 jet, except for the last point.
The thrust augmentation was constant at o, = 1.12.
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Jet Probing
The structure of the unsteady jet itself might be playing

some role in the thrust augmentation. In order to
explore this, a fast response transducer (Endevco model
8530C-100) was built into the nose of a hemisphere-
cylinder body, and inserted into the flow at the same
distance from the jet exit as the entrance to the 3 inch
diameter, 7.4 inch long, 0.5 inch nose radius ejector at
its optimum spacing, i.e., the spacing giving maximum
thrust augmentation, which was 3 inches for this
ejector. The output from the probe was displayed on an
oscilloscope, using dc coupling. The signals, as shown
in the upper oscillogram in figure 8(a), with the probe
close to the axis of the jet, exhibited a rise in pressure
with time, followed by a decay, returning to
atmospheric pressure at about half the period of the
pulses. After the signal returned to atmospheric, there
appeared to be a high frequency oscillation on it, lasting
until the next pulse. As the probe was moved radially,
away from the jet axis, the value of the peak pressure
first increased slightly, then decreased to zero at a radial
position equal to about 1.2 times the jet radius. At
distances greater than this, a pulse was seen which was
a reduction in pressure, with a minimum pressure below
atmospheric. The maximum values of the positive pulse
signals, and the minimum values of the negative pulse
signals are plotted as a function of distance from the jet
axis in figure 8(b), as series 1. To explore whether the
negative and positive pulses were in phase with one
another, a second probe was mounted parallel to the
first, both probes were inserted into the flow, and a
second series run with both probes. The results are
given as series 2 in figure 8(b). In the oscillogram in
figure 8(a), the probes were placed so that one probe
was reading a positive pulse, and the second was
reading a negative pulse. The pulses are exactly in
phase. The absolute outer edge of the disturbance,
where there is no longer any signal, is at a radial
position of 3.2 times the jet radius, or a diameter of 6.4
inches, much larger than the optimum ejector diameter.
The optimum ejector diameter actually corresponds to
the position of the minimum of the negative pressure
signals, i.e., 1.5 times the jet exit diameter.

Initially it was not clear what the pressure signals
represented. It was presumed that it would correspond
to the stagnation pressure behind a shock wave leaving
the shroud, but the signal seemed too low. To examine
this, the two-probe arrangement was set up so the
probes straddled the jet axis, each equidistant from the
probe axis, but with probe number 2 separated axially
from probe 1. The objective was to measure the axial
velocity of the pulses. Measurements were made at two
different axial positions, with the same result: the
velocity of the pulse leading edge was 298 ft/sec. This
is much too low a velocity to be a shock wave.
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Experiments with shock waves emerging from tubes'>"

have shown the existence of a vortex ring traveling
behind the shock. From the work of Elder and de
Haas,'? this vortex ring appears to travel at
approximately the gas velocity behind the shock, which
is consistent with the value measured here, suggesting
that the pulse observed might be a vortex ring. The
traﬁsllsational velocity of a vortex ring, Vr, is given
by™

V1 =T/47R, {In(8R./a) — 0.25} @)
in which T is the circulation, R, is the vortex ring
radius, and a the vortex core radius. The vortex ring
radius is the radius at which the velocity is equal to the
translational velocity of the vortex ring, i.e., 298 ft/sec
for the experimental pulse, if it is a vortex ring. At
298 ft/sec, the stagnation pressure is 1.05 atmospheres,
which corresponds to a radius of 1.15 inches in figure 8.
The core radius is the radius of the pressure minimum
minus the core radius, which is 0.35 inches. The
circulation is given by16

T'=0.65 ] Uy(t)dt (8)
in which Uy(t) is the velocity on the centerline, as a
function of time. Uy(t) was derived from the centerline
pressure trace. Performing the integration lead to
T = 104 ft¥/sec. Substituting T' = 104 ft’/sec, Ry, =
0.0958 ft, and Ry/a = 3.29 into the above formula for
the vortex ring velocity gave Vp = 260 ft/sec. This is
not perfect agreement, but is close enough to indicate
that the flow emerging from the resonance tube is a
vortex ring.

Gharib et al.'” define a “formation number,” N, as

N = Uy(t)dt/Dje 9)
where Dj is the nozzle diameter, and show that for
N < 4, a pulsed flow emerging from a nozzle will
transform entirely to a vortex ring. For the resonance
tube pulses, N ~ 2, giving further confirmation that the
flow is a vortex ring.

Mass Flow Augmentation
An initial attempt to measure mass flow augmentation

was made by performing a pitot pressure radial traverse
of the ejector exit flow, using the 3 inch diameter,
7.4 inch long ejector, with the high frequency pressure
transducer used above. The measured pressure traces
were remarkably steady in time. An average velocity
(in time), U, and density p, were calculated at each
radial position, r, and integrated to give the total mass
flow leaving the ejector, My
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mtotal = J. anUI'dI' ( 1 0)
and also the thrust, T
T = 2mpU? rdr (11)

Whilst this procedure gave reasonable values for the
total mass flow, the thrust values were significantly
lower than the jet thrust, contradicting the thrust plate
readings. Consequently, it was decided to make
traverses with a hot-wire, which measures the velocity
directly. An example of an oscillograph trace of the hot-
wire signal, as a function of time, with the hot wire
situated on the ejector centerline, is given in figure 9(a).
The velocity derived from the hot-wire signal is given
in figure 9(b). It will be seen that the oscillogram has
rapid fluctuations, which are not picked up in the
derived data. This is because the recording device for
the hot-wire (a Datamax) was set at too low a
frequency. Unfortunately, it was not possible to repeat
the measurements with a higher frequency setting. This
is probably not a problem for the mass flow value,
which only needs an average of velocity in time, so that
velocity fluctuations average out. The thrust calculation
involves a time average of the square of the velocity,
which includes the square of the velocity fluctuations,
and so needs an accurate knowledge of the fluctuations.

With the hot-wire, values of the total mass flow were
obtained for the 3 inch diameter, 7.4 inch long ejector,
and for the 2.2 inch diameter, 7.4 inch long ejector. The
results are given in Table 2, expressed as a value of f3,
in the rows for runs 2 and 8. Thrust augmentation
values calculated from the hot-wire signal were 1.25 for
run 2, and 0.95 for run 8, which are low.

Discussion of Results

The ultimate objective of ejector research is to
understand the mechanism of thrust and mass
augmentation, so that predictions of performance can be
made, and optimum ejectors designed. There are three
major interactions proposed for this mechanism. First is
that the unsteady primary pulse acts like a piston which
pushes secondary air in front of it, and drags secondary
air along behind it. Secondly, shear at the primary-
secondary interface drags secondary air into the ejector.
Finally, the vortex produced by the unsteady pulse
leaving the jet nozzle acts to entrain secondary flow.
Shear would appear to be the only interaction for steady
flow. Steady ejectors, as noted above, have increasing
augmentation as ejector diameter increases. The
experiments described here definitely have an optimum
diameter, and the thrust augmentation is larger than the
steady value seen with the same ejector, indicating a
different mechanism.
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In Table 1 the measured values of P are used to
evaluate the quantity (1 + B)*7, which was shown by
Porter and Squyers’ to correlate with o for steady
ejectors. Remarkably, this also seems to be the case for
the present unsteady ejectors (see also ref. 6). Given
this, it is possible to use the one dimensional CFD
program mentioned above to calculate  as a function
of length for a pulse shaped like the measured pulse
from the resonance tube, and convert it to o. The result
is shown in figure 10, together with the results for the
2.2 inch diameter ejectors, and the 3 inch diameter
ejectors. The calculated curve shows two peaks,
showing some similarity to the data (although a second
peak was not actually observed in the experiment), but
is lower in value. It is not clear how to extend this
calculation to the 3 inch diameter and larger ejectors,
for which higher values of o were seen. Thus the
calculation does not agree with the data. Since this
calculation corresponds to the piston model, it would
appear that the piston interaction is not the entire
mechanism, but it may play a partial role. In addition,
this calculation is one-dimensional, whereas the
measurement of pressure in the jet flow (fig. 8) shows
very strong radial variations, which cannot appear in a
one-dimensional calculation.

The probing of the jet emerging from the resonance
tube has demonstrated that the flow constitutes a strong
vortex ring. This vortex ring generates significant sub-
atmospheric pressures at a radius of 1.5 inches. This
low pressure, acting on the nose of an ejector, will
create thrust on the ejector. According to this model,
the best ejector, i.e., the one producing the most thrust
augmentation, would have about the same radius as the
pressure minimum, which is a 3 inch diameter ejector.
Smaller, or larger, diameter ejectors would have a
higher pressure on the nose, giving reduced thrust. This
is in fact what was observed. This model does not
explain why there should be an optimum length. This
may be clarified, and quantified, by CFD calculations
of the flow, and this work is in progress.

Conclusions
A statistical experiment in which ejector length,
diameter and nose radius were varied showed that there
is an optimum diameter and length giving maximum
thrust augmentation for an unsteady ejector. The thrust
augmentation was greater for unsteady flow than for
steady flow with the same ejector. The ejector with the
maximum experimental thrust augmentation was
3 inches diameter, 7.4 inches long, with a 0.5 inch nose
radius, for which a thrust augmentation of 1.32 was
observed. The ratio of L/D for this ejector is 2.5,
intermediate to the results of Lockwood,! and Binder
and Didelle.” The existence of an optimum diameter for
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an unsteady ejector contrasts with results for steady
ejectors, for which thrust augmentation increases
monotonically with diameter. Ejector nose radius was
shown to be statistically unimportant, but this is in
disagreement with other results.® Change in the shape
of the exit diffuser did not affect the thrust
augmentation. Pressure measurements of the flow
emerging from the resonance tube showed it to be a
vortex ring, with a pressure minimum at a radius of
1.5 inches. This coincides with the diameter of the
optimum ejector.

Measurements of mass augmentation were made using
a hot-wire, and showed that the correlation of thrust
augmentation to mass augmentation derived by Porter
and Squyers’ for steady flow, also holds for unsteady
flow.

This work has served to provide a data base for
understanding pulsed ejectors. CFD calculations are in
progress to provide details of the flow, and mechanisms
involved. This will potentially identify a design
methodology.
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Table 1.—Set of runs performed

Run Diameter (D),  Length (L), Nose Radius (R), Optimum (X), o B 1+
No. in. in. in. in.
1 2.2 3.125 0.5 1.0 1.155
2 2.2 7.125 0.25 1.0 1.160 0.897 1.20
3 2.2 7.625 0.75 1.0 1.155
4 2.2 12.375 0.5 0.75 1.092
5 3 2.875 0.25 2.5 1.264
6 3 3.375 0.75 2.5 1.275
7 3 7.375 0.5 2.5 1.330
8 3 7.375 0.5 3.0 1.325 1.895 1.35
9 3 7.375 0.5 3.0 1.308
10 3 12.125 0.25 2.0 1.255
11 3 12.625 0.75 2.0 1.267
12 6 3.125 0.5 3.0 1.034
13 6 7.125 0.25 4.0 1.075
14 6 7.625 0.75 4.0 1.085
15 6 12.375 0.5 5.0 1.139
16 4 3.125 0.5 3.0 1.118
17 4 7.125 0.25 3.5 1.206
18 4 7.625 0.75 2.5 1.226
19 4 12.375 0.5 2.5 1.266
20 2.2 16.5 0.25 1.0 1.094
21 2.2 17 0.75 0.9 1.106
22 3 16.5 0.25 2.5 1.285
23 3 17 0.75 2.3 1.298
24 4 17 0.75 1.75 1.275
25 6 16.5 0.25 3.7 1.179
26 6 17 0.75 3.5 1.251
27 3 10.75 See fig. 2(b) 2.5 1.288
28 3 9.75 See fig. 2(b) 2.5 1.275
29 3 8.5 See fig. 2(b) 3.0 1.324
30 3 8.0 See fig. 2(b) 2.5 1.309
31 3 7.25 See fig. 2(b) 2.8 1.310
32 3 6.25 See fig. 2(b) 2.5 1.300
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Figure 1.—Drawing of the shrouded Hartmann-
Sprenger tube.
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Box-Behnken experiment, and, (b) the contoured
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Figure 3.—Photograph of the apparatus.
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